Abstract-A linear accelerator, including several radio-frequency (RF) stations, can be viewed as one virtual RF station with a certain RF voltage (in amplitude and phase). This paper proposes an optimization scheme that, for a specified total beam energy gain, determines the klystrons output powers as well as the modulators high voltages optimally. The algorithm employs the nonlinear static characteristics curves of klystrons to determine analytically the input RF amplitude of the drive chain. The proposed algorithm facilitates the klystron operating point setting with an automatic procedure for the desired energy gain of a linac.
I. INTRODUCTION
A LINEAR accelerator (linac) is composed of a sequence of RF stations, delivering high-power RF to the accelerating structures. If the power is generated by klystrons, finding the optimal operating points of the klystrons is a topic addressed in this paper. In order to enhance the stability of the klystron output RF amplitude as well as the efficiency, it is preferable to operate the klystron close to saturation. In this case, the input amplitude jitter has minimal influence on the output amplitude. The saturating (maximum) power of the klystron can be controlled by the modulator high voltage. Due to operation close to saturation, the amplitude modulation-amplitude modulation (AM-AM) (output RF amplitude versus input RF amplitude) characteristic curves of the klystron are nonlinear. This nonlinearity makes it not so straightforward to inversely find the input RF amplitude and the high voltage of the modulator from specified klystron output power. Two curves of constant power are plotted to show that for a specified output power, several choices of high voltage and input amplitude are possible. However, with a given headroom to the saturation, the operating point can be uniquely determined. This topic was previously studied in [2] by introducing the concept of operating point determination (OPD). In this paper, we consider a sequence of klystrons in a linac, where the operating points are optimally determined according to the desired total energy gain. We refer to this concept as beam-based multiple operating point determination (BM-OPD). In this scheme, an optimization procedure minimizes the high voltages of the modulators, while keeping the total beam energy constant. Since, according to experiments, the breakdown rate of the klystron has a direct relation to the high-voltage level, the proposed optimization reduces the probability of breakdowns. The approach is based on a convex optimization [3] that uses the klystron AM-AM models as well as the energy gains of the RF stations. The method has been successfully tested at the SwissFEL injector test facility using three RF stations as a small-scale prototype of a linac. The SwissFEL is being developed and constructed at the Paul Scherrer Institute [4] . The SwissFEL injector and the linac RF drives operate in a pulsed mode at a rate of 100 Hz. There are 26 RF stations in the SwissFEL C-band linac. The experimental results show that if one of the stations fails to deliver the specified power, the optimization unit redistributes the high voltages over other stations so the energy loss is compensated by increasing the power of the remaining klystrons. This paper presents additional detail and materials and experimental results, not previously reported in [5] . In the following section, we briefly review the OPD functionality. Section III discusses the optimization scheme for determining the operating points of the klystrons. Section IV concludes this paper by giving the experimental results at the SwissFEL injector test facility.
II. OPERATING POINT DETERMINATION
The klystron operating point is defined by the high voltage of the modulator , the output RF amplitude , and the drive chain RF input amplitude (see Fig. 2 ). We use the terms "output amplitude" and "output power" quite interchangeably, as one can be uniquely obtained from the other. The idea of determining the klystron operating point arises when one realizes that for a given output power, many choices of input amplitude and high-voltage pairs are possible. However, as stated earlier, for the RF output amplitude repeatability, it is often required to 0018-9499 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. operate the klystron close to saturation. The amount of headroom, from the operating point to the saturation level, is given in percent and is typically 1% to 5%. The headroom needs to be greater than a threshold which is defined as the difference between the saturation and maximum-allowed output power. This is to give maneuverability to the amplitude controller when the RF amplitude feedback loop is closed. With a given headroom to the saturating power, the klystron operating point can be uniquely determined. This implies that from all candidate operating points on the same contour, only one pair of high voltage and input amplitude satisfies the specified headroom. Finding this pair is the main function of the OPD. The OPD unit employs the klystron AM-AM characteristics models to analytically derive the corresponding high voltage and the input RF amplitude from a specified output RF amplitude of the klystron (see Fig. 3 ) [6] , [7] . The details of the OPD are discussed in [2] . Typical klystron curves and the fitted models are shown in Fig. 4 . III. OPTIMIZATION SCHEME In a linac with multiple RF stations, the total energy gain can be controlled via each individual klystron RF amplitude and the modulator high voltage. The way that the RF stations contribute to generate the desired total energy gain is the focus of this section. The distribution of RF power over RF stations is performed through an optimization problem. As a result, the required output RF power of each klystron is determined, which is then used by the OPD units to provide the required input amplitude as well as the modulator high voltage. Throughout this study, the headrooms have predefined constant values. Moreover, we assume that the RF phases are set to zero, that is, the "on-crest phase".
In this section, we set up an optimization problem to reduce high voltages which have a direct relation to the breakdown rate. Of course, the optimization problem is constrained to keep the total beam energy gain constant. We consider a linac including RF stations. According to measurements, the relationship between the klystron maximum output amplitude and the high voltage is linear (1) where is the maximum output amplitude, with representing the headroom. The denotes the high-voltage value of the th klystron, and and are constant parameters.
We denote by to be the total desired energy deviation of M klystrons from the nominal energy. In other words (2) where is the nominal energy, or the working point where the machine is calibrated, and where is the desired total energy setpoint asked by the user.
The running sum over all individual energy gain deviations should satisfy the desired reference energy, i.e.,
On the other hand, the energy gain of each RF station is linearly related to the lystron output amplitude, i.e., (4) where is the output amplitude of the th klystron, and where and are constants. This can be also seen from the measurements results in Fig. 5 of the three RF stations at the SwissFEL injector test facility.
Substituting (4) and (1) into (3), gives the following expression:
We may take the cost function as the risk function of breakdowns. This yields the following quadratic program: minimize subject to (6) where and are, respectively, the allowed lower and upper bounds on the high voltage of modulator that can be set by the operator.
The optimization problem (6) lowers the high-voltage values which consequently reduces the rate of breakdowns caused by large values of high voltages. It also reduces the total power consumption of the linac by minimizing the klystrons' output powers. To be more precise, the optimal solution to (6) does not necessarily result in minimum power consumption. In the klystron, the quantity (I: klystron current, V: klystron voltage), known as the "perveance," is usually constant [8] , [9] ; however, it can possibly change with the applied voltage. Therefore, to find minimum power consumption, the cost function should be replaced by . For simplicity in analysis and to use commercial optimization solvers, we consider the quadratic form. Fig. 6 illustrates the beam-based multiple OPD (BM-OPD) concept using three full-scale RF stations. The experiment parameters are given in Table I . We have 200 MeV, 110 MeV, and the headroom to the saturation is set to 5% for all klystrons. The control algorithm is implemented in Matlab scripts using the CVX convex optimization solver [10] , [11] . The communication to the machine is through EPICS process variables [12] . All stations' phases are scanned and set to the "on-crest" phase at the nominal energy of 200 MeV.
IV. EXPERIMENTAL RESULTS
The optimization (6) is run for energy setpoints , and the actual measured beam energy is compared to the given setpoint. The results are plotted in Fig. 7 . The error between the actual energy and the setpoint mainly comes from the model-system mismatch in klystron modeling (OPDs) and the individual energy gain parameters. Nevertheless, this open-loop error can be corrected by introducing an "offset-free" property to the optimization problem (6), i.e., the optimization is run for several iterations with the energy setpoint being updated according to (7) where superscript denotes the time sample, is a constant gain, and is the measured energy error defined as (8) with denoting the measured energy [13] . The beam energy is measured at the end of the machine through the spectrometer camera (see Fig. 8 ). The position of the beam spot on the x-axis gives a measurement of the energy.
A. Disturbance Rejection Scenario
In the following experiment, we study behavior of the BM-OPD under the disturbance situation, particularly, a breakdown in one RF station. In this case, the disturbed RF station fails to deliver the required power and, therefore, the BM-OPD unit should be notified, for example, through the machine protection system. The optimization is repeated with the following modified constraints on the disturbed station parameters and :
where subscript represents the failed klystron. Fig. 9 illustrates the beam position on the spectrometer monitor with the disturbance occurring at time 20. Fig. 10 plots the high-voltage power-supply values of the three klystrons. The according to (7) , iteratively corrects the systematic error caused by model-system mismatch (see Fig. 9 from time 0 to 20). During this time, the high-voltage values may change very slightly, although the changes are not distinguishable in Fig. 10 .
At time 20, one RF station is set to OFF to perform the disturbance rejection test. Consequently, the beam disappears from the spectrometer monitor. As stated earlier, the BM-OPD repeats the optimization with modified constraints on the disturbed station and updates the high-voltage values. After applying the updated RF settings, the beam appears on the spectrometer, however, with slightly lower energy than the setpoint. The error is iteratively corrected and the beam spot is finally brought to the center at the energy of 110 MeV. As we can see from Fig. 10 , the two remaining stations increase their high voltages to compensate for the energy loss. The drive chain RF input amplitudes are plotted in Fig. 11 . According to the klystrons characteristics curves, the input RF amplitude corresponding to the saturating output power is inversely related to the high voltage of the modulator. Therefore, as the high voltage increases, the input RF amplitude is decreased to keep the same headroom.
During the entire time horizon , the optimization runs for every time sample. The beam recovery time depends mainly on how fast the high-voltage modulators can react to the setpoint changes. In this experiment, the beam is recovered and brought to the desired energy within a minute from the disturbance.
V. CONCLUSION
An automatic procedure is developed to optimally set the RF input amplitude and modulator high voltage of multiple klystrons in a linac. The approach is based a convex optimization with constraints on the total energy gain of the linac as well as the high-voltage bounds. The main objective of the proposed method is to determine the operating points of klystrons according to the specified total energy gain. Experiments show that the station breakdown rate increases significantly as the high voltage increases. Therefore, the optimization proposed here minimizes the sum of squared high voltages of the modulators which, in turn, lowers the breakdown rate of the machine as well as the total power consumption. The control scheme operates in an iterative manner, meaning that beam measurements are used to update the RF parameters. The optimization performs continuously until the user-specified energy gain is met. The experimental results at the SwissFEL injector test facility demonstrate that the desired beam energy gain can be achieved within 15% error in one run of the algorithm. This error can be corrected as the procedure is repeated iteratively in a slow rate (nearly 1 Hz). The algorithm is also tested for a disturbance rejection experiment in which one RF station fails to generate the specified power. In the disturbance rejection scenario, if enough reserve power is available, the remaining stations contribute to compensate for the energy loss. The main objective of the BM-OPD is to bring the machine close to the desired operating point (in terms of energy gain). This optimization should be run after beam phasing, that is, after finding the "on-crest" phases. Once the high-voltage values are set, for fast and precise control of the beam energy, the pulse-to-pulse RF and possibly beam-based feedback loops must be closed.
